We report on theoretical investigation of graphene based Field Effect Transistor (FET) structures for resonant absorption of terahertz (THz) radiation by the plasmons excited in the high sheet concentration and high carrier mobility active layers. Metallic grating gates with varying periods were used to couple the THz radiation into the plasmons in the active region of the devices. Such grating gates not only improve the coupling by providing momentum match between the incident radiation and the plasmons but also allows the control of carrier concentration in the channel by external bias. Our studies demonstrate that the proposed periodic gate FET structures of Graphene can resonantly absorb THz radiation up to 6th harmonic at room temperature. Moreover, these structures have the advantage of tunability since the resonant absorption modes strongly depend on the sheet carrier concentration in the channel which could be controlled by gate bias.
INTRODUCTION
Terahertz technologies utilize electromagnetic (EM) radiation in the frequency range between 300 GHz and 10 THz and their potential applications in biology, chemistry, medicine, astronomy and security are wide ranging. The abundance of potential THz applications fuelled intense research in the last decade leading impressive advancements in emission and detection of THz radiation. Plasma wave propagation in two-dimensions (2D) has contributed to advancements in detection and control in THz spectral region. 1 Large propagation velocity of plasma waves compared to electron drift velocities allows plasmonic device to exceed electron drift limited cut off frequencies. Plasmonic THz detection has been demonstrated using Silicon, [2] [3] [4] III-V compounds [5] [6] [7] [8] and III-N 9-11 based semiconductor devices. III-N devices have been particularly of interest due to their high sheet carrier concentration. The coupling efficiency of single gate plasmonic devices to THz radiation is weak due to small active region of these devices. To mitigate this problem, grating gate couplers on a large active region and linearly integrated Field Effect Transistor (FET) arrays with high integration density are proposed. 12 Device geometry has not been the only limitation for the response of THz plasmonic devices. Most of the previously observed THz plasmonic detectors have * Author to whom correspondence should be addressed. demonstrated very weak response at room temperature due to high electron scattering rates. [13] [14] [15] Graphene with remarkably high electron mobility at room temperature, with reported values in excess of 15,000 cm 2 /V · s 16 has strong potential for THz plasmonic devices. Recently, the high mobility properties of Graphene at room temperature was exploited to demonstrate graphene plasmonic THz metamaterials. 17 However, the reported structures were based on graphene nanoribbons which were fabricated by plasma etching presented low quality factors. The low quality factor could be ascribed to the high carrier scattering rate and limited mobility due to the plasma damages induced during the etching process. 18 Recently large area graphene samples with good electrical characteristics have been grown. 19 Intense research in the field is expected to make mass production of large area high quality graphene widely available in near future for various applications. 20 True capabilities of graphene grating gate structures need to be explored to design and fabricate graphene plasmonic THz devices. In this letter, we report on theoretical and numerical analysis of THz plasmonic behaviour in large area graphene FET structures with grating gate couplers.
DESIGN AND METHOD
The structures investigated in this study consist of graphene layers on sapphire substrates (see Fig. 1 layer deposited on graphene. Different gate period, L, and gate finger length, w, combinations were studied. A commercial simulation package of finite-difference time-domain (FDTD) method with a 3D Maxwell equation solver and a custom code for data analysis were used to calculate absorption and transmission spectra of the structures. FDTD tool allowed both time domain and frequency domain information. A broadband pulse was sent from the source and EM field propagation through the structure was calculated until there was no electromagnetic field left in the entire devices. Frequency domain information at the spatial points of interest were obtained through Fourier transform of the time domain information. Frequency dependence of power flow and modal profiles were obtained in the frequency range of 1-8 THz. The simulations were carried out using periodic boundary conditions for the grating gate arrays. Furthermore, real experimental data for dispersion relations and different loss mechanisms for materials were used in the simulation. The mesh size was sufficiently small to match experimental data for structures with small features. We validated our simulation method by comparing the numerical results with the experimental results reported in the literature for GaN-based grating gate devices 10 and graphene nanoribbon metamaterial structures. 17 
RESULTS AND DISCUSSION
A short channel with high sheet carrier concentration acts as a resonant cavity for the plasma waves with the fundamental frequency of 0 and its harmonics. An incoming electromagnetic radiation excites plasma waves in such a channel. When 0 1 ( is the momentum relaxation time) the resonant condition is satisfied. Sheet electron density in a graphene layer can be estimated by
Where is the permittivity, d is the dielectric thickness, e is the unit charge, V g is the gate voltage and V d is the voltage corresponding to Dirac point at which the graphene sheet has charge neutrality. The electron energy dispersion in undoped graphene is linear E = V F · k with k being the electron momentum and V F being the 2D Fermi velocity, which is a constant for graphene (V F = 10 6 m/s).
The linear electron energy spectrum implies zero effective electron mass in graphene. The electron "inertia" in massless graphene is described by a fictitious "relativistic" effective mass
, where E F is the Fermi energy. The relation between the Fermi energy and sheet carrier density can be given as
Using Eqs. (1) and (2) one can obtain
where 0 1 is satisfied for frequencies above 2 THz even for low mobility graphene with = 1600 cm 2 /Vs. Coupling of EM radiation into 2D electron gas (2DEG) in high sheet carrier concentration channels via grating gate couplers was first investigated by Zhent et al. 21 and later applied to III-IV 5 6 and III-N systems. 10 Plasmon dispersion in a gated graphene can be formally written in the same form as in a conventional semiconductor structure with substituting the effective electron mass by the "relativistic" effective mass m F :
where q is the plasmon wavevector, which is determined by the grating gate period L, q = 2 n/L (n = 1 2 3 ). Substituting Eqs. (3) into (4) 
which gives the plasmon resonant modes in graphene. Room temperature operation is a crucial aspect for the practicality of the THz devices for many practical applications like medical imaging, security and sensing. Plasma resonances in a grating gate device can be best excited when the radiative damping rad is equal to the dissipative damping dis caused by the carrier scattering. 11 In this case the maximum absorbance is given by 0.5 (1 − √ R 0 ) where R 0 is the reflectivity when there is no resonant surface layer. Dissipative damping dis of a plasmon mode increases with temperature. Therefore, matching condition of dis = rad requires strong radiative broadening at room temperatures. Since the radiative broadening is directly proportional to the conductivity of the channel, graphene layers are especially promising for room temperature resonant absorption of THz radiation. is also directly proportional to the strength of coupling between the plasmon modes and the incident THz radiation. Strong electric near field induced in narrow slits between the grating gate fingers greatly enhances the coupling and hence the radiative dampening. Slit width w in the investigated devices was chosen to be about 10% of the gate finger width to achieve the maximum resonant absorbance.
Resonant absorption of THz radiation by the plasmons induces an oscillating current and creates nonuniform impedance distribution in the active layer which lead to an electrical response depending on incident power, polarization and frequency. In the photovoltaic (PV) detection scheme when asymmetric boundary conditions (i.e., short circuit boundary condition at the source side of the channel and open circuit boundary condition at the drain side of the channel) are applied, nonlinear properties of the transistor structure rectifies the oscillating current induced by the incoming radiation and results in a photoresponse in the form of DC voltage between source and drain. [1] [2] [3] An improved signal can be obtained when a constant current is applied between the ohmic terminals at the both ends of the channel and drain voltage is monitored which is referred as the photoconductive (PC) detection mode. 5 6 Analysis of the electrical response at different modalities is beyond the scope of this study.
In Figure 2 we compare the room temperature absorption spectra of graphene and GaN grating gate devices with the same geometrical parameters. Following the experimental details reported in Ref. [10] , Al 0 2 Ga 0 8 N/GaN High Electron Mobility Transistor (HEMT) epilayer structure on sapphire was used for GaN devices with room temperature electron mobility of = 1200 cm 2 /V · s and sheet carrier density of N S = 7 5 × 10 12 cm −2 . For the graphene devices, mobility of = 3000 cm 2 /V was used while the sheet carrier concentration was kept the same with the one for GaN devices. The graphene devices present well pronounced resonant absorption peaks corresponding to the fundamental mode and first two harmonics in the 1-8 THz range. The resonant frequencies are in agreement with the calculated values using the Eq. (5). Electric field distributions for the first two resonant modes of the plasmons are shown in Figure 3 . Resonant absorption for GaN-based devices on the other hand is not observable due to higher scattering rates at room temperature. The absorption characteristics for GaN devices is in good agreement with theoretical and experimental ones reported in Ref. [10] which validates our simulation method.
The modulation depth in the absorption spectrum of the periodic gated FET structures is also controlled by the carrier scattering rate in the channel. The lower scattering rate in graphene compared to GaN HEMT devices allows clear absorption peaks with large modulation depth. Effect of the scattering rate in graphene is presented in Figure 4 . For lower mobilities (curve i) contribution of Drude absorption which monotonically decreases with frequency is visible at the background. As the mobility increases, modulation depth increases especially at higher frequency modes. This is in agreement with the fact that Drude absorption also decreases with increasing mobility. 23 An important advantage of the grating gate devices is tunability of the resonant absorption frequencies though controlling the charge concentration by the applied gate voltage. Figure 5 also shows that, it is possible to reduce spectral separation of modes (increase the spectral density) by slightly decreasing the carrier concentration and to observe higher order modes in a selected spectral range.
CONCLUSION
We investigated the plasmonic absorption characteristics of Graphene grating gate FET structures at THz frequencies. FDTD simulations and analytic calculations showed that the investigated devices could present well pronounced resonant absorption peaks up to 6th harmonic even at room temperature in 1-8 THz. The large modulation depth of higher order modes hints that it is possible to observe even higher modes beyond 10 THz which was the spectral limit in this study. Moreover, the resonant frequencies can be tuned by modulating the channel carrier concentration by gate bias. The results are important to design graphene based plasmonic THz devices operating at ambient temperature for wide range of applications.
